Phase separation kinetics of the off-critical mixture of polystyrene and poly͑methylphenylsiloxane͒ is studied by the time-resolved light scattering and optical microscopy. The results from the light scattering experiments are correlated with the images obtained by the optical microscopic observation in order to find characteristic features of the scattering intensity during the percolation-to-droplets morphology transition. At the beginning of the spinodal decomposition process only a bicontinuous network is present in the system and the light scattering intensity has only one peak. The network coarsens and at the same time small droplets appear in the system resulting in a growth of the scattering intensity at very small wave vectors. When the large network starts to break up into disjoint elongated domains a second peak in the scattering intensity appears. Finally, both peaks merge into a single peak at zero wave vector, indicating a complete transformation of elongated domains into spherical droplets of variable sizes. The comparison of the direct microscopic observations with the light scattering spectra shows that the process of breaking up of the bicontinuous network starts when the growth of the first peak, corresponding to the bicontinuous pattern, becomes very slow ͑essentially pinned down͒.
I. INTRODUCTION
A lot of modern materials are combined from different polymers. The AB homopolymer blends are widely used for many practical purposes, so their phase behavior, morphology, and thermodynamic properties have been the object of intensive studies during the past two decades. The spinodal decomposition ͑SD͒ is an important process associated with the demixing of polymer blends. It directly influences physical properties of blends and, so, their applications. The formation and growth of the domain pattern via SD is strongly dependent on the type of the phase diagram ͑symmetric, asymmetric͒, 1,2 polymer melt composition ͑critical, off-critical͒, [3] [4] [5] [6] and temperature quench depth. 6 It is also known that a system quenched to a temperature between the binodal and spinodal lines ͑metastable region͒ shows only the droplet morphology, and the phase separation proceeds via the nucleation and growth mechanism. 5 Most of the previous studies 1, 4, 5, 7, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] have been concerned with the evaluation of the quantities that have been measured only by the scattering techniques, for example, the average domain size, which is extracted from the structure factor ͑light scattering intensity͒. Less attention has been paid to the quantitative characterization of the interface morphology. 2, 3, 6, 8 The morphology ͑shape, size, and spatial arrangement of domains͒ indeed determines further macroscopic properties of the blend. For example, the mechanical properties of the mixture, such as the tensile stress, impact stress, etc., depend on the interface area, since the interface is the weakest part of the material. Furthermore, two blends of the same volume fraction, one with the disperse and the other one with the bicontinuous morphology, could have completely different physical properties. The domain connectivity could affect not only mechanical properties but also the diffusive transport 9 and current conductivity. 10 The light scattering ͑LS͒ experiment is one of the most important method to study the phase behavior of polymer compounds. The form of the light scattering spectra is strongly dependent on the morphology of the mixture. Both the bicontinuous and the droplets morphologies can be present in the off-critical mixtures during the coarsening process of SD. 3, 6, 9 At the beginning of the decomposition process, both types of the domains ͑A and B͒ are continuous through the whole sample. As the domains grow, the type of the domains composed of the minority phase cannot maintain volumetrically the macroscopic percolation and, as a result, the bicontinuous network breaks up into fragments with local percolations only. The fragmented network degenerate into spherical droplets to minimize the interfacial free energy. The whole process is called the percolation-to-droplets transition ͑PDT͒.
In the present paper we study the PDT process via a quantitative morphological analysis of the images obtained in the optical microscopy and the scattering intensity obtained in the LS experiment. In particular, we determine the domains size, area, and perimeter during the PDT. From a direct observation we also determine the moment of the occurrence of this morphological transition. Next, we present the characteristic behavior of the scattering intensity at the transition. We have also compared the scattering intensity of the existing theoretical models with the LS intensity obtained from our experiments in order to find characteristic forms of the scattering spectra for different morphologies.
The rest of the paper is organized as follows: In the experimental section we present the sample preparation and the physical characteristics of the polymers. There is also a short description of the experimental techniques. The realspace optical microscopy observation section includes the morphology analysis of the optical microscopy images. In the next part we correlate the LS intensity with the optical microscopy images. In the Appendix we model the scattering spectra from different morphologies using the existing theoretical models.
From our study we find a criterion which helps to predict the morphology of the sample and the moment of the percolation-to-droplets transition from the light scattering spectra alone.
II. EXPERIMENT

A. Sample preparation and characterization
The system studied is a mixture of poly͑methylphenylsi-loxane͒ ͑PMPS͒ from Aldrich Chemical Co. (M W ϭ2274, M W /M N ϭ1.35) and polystyrene ͑PS͒ from Fluka Chemical Co. (M W ϭ10 700, M W /M N ϭ1.03). The mixture has the upper-critical-solution-temperature-type phase diagram. The diagram has been checked by optical microscopy and light scattering, by using jump spinodal specification method, 12 and is shown in Fig. 1 .
Thin polymer films were prepared in the following way. PMPS was dried under vacuum at 70°C. Next, PMPS and PS were dissolved in benzene. The films of thicknesses 12, 30, and 50 m were prepared at the hot plate ͑130°C͒ under nitrogen atmosphere by placing given mixture on the glass of the diameter dϭ10 mm and thickness hϭ20 m. The sample was at the hot plate for 80 h in order to evaporate benzene from it. Next, the droplet was spread and covered with a second glass. The distance between the glass plates was set by metal spacers of the known thickness placed between the plates.
B. Light scattering and optical microscopy
The experiments were conducted by quenching the system below the coexistence curve from 130°C to different temperatures; the temperature equilibration time following the quench was between 50 and 55 sec. The morphology change was studied by the elastic LS measurements using the ϭ632.8 nm wavelength radiation. The intensity of the scattered light was recorded on a linear array of 512 photodiodes for the scattering angles between 0.5°and 25°correspond-ing to the wave vectors q between 0.2 and 6.9 m Ϫ1 . The data were collected for 24 h following the temperature quench. The data were collected every 0.5 sec immediately after the quench. After 1 h the data were recorded every 5 min. The final results are presented with the data averaged over ten nearest photodiodes by the moving average method.
There were no differences observed during the SD process for the films of thicknesses 12, 30, and 50 m. So the sample of thickness 12 m was used for both the LS experiments and microscopic observation.
For the microscopy observation we used optical microscope Nikon Eclipse E400. The photos were taken under the magnification of 750X. The samples were observed for 24 h, with the intervals of 0.3 min. The microscope heating stage allowed us to control the temperature with 0.01°C, the same as in the LS experiments. In order to analyze quantitatively the observed images we used the image analysis program LUCIA.
III. RESULTS
A. Optical microscopy observations
In this section we perform a quantitative morphology analysis of the dynamics of the phase separation process in the homopolymer blend of PMPS/PS, using binary images obtained by observing a real-space pattern of SD. We have performed experiments for various compositions and temperature quenches ͑112, 107, and 102°C͒. Quenches to the metastable region on the co-existence curve have been also done ͑to 119°C for the 60/40 wt % mixture͒ and the growth of domains via the nucleation and growth mechanism was observed.
In order to focus attention, in the present paper we show in the figures the results for the 60/40 wt % PMPS/PS blends quenched to 112 and 102°C. The change in the phase sepa- ration morphology from a bicontinuous pattern to droplets was observed for both quenches. As a consequence of high molecular weights of the polymer molecules, the SD process at the temperature 102°C, close to the glass transition temperature, is much slower than for the same mixture quenched to 112°C.
After the quench below the spinodal curve the mixture becomes thermodynamically unstable and undergoes a phase separation into PMPS-rich domains and PS-rich domains through the SD mechanism. The domains appear to be white and black after the binary analysis. Figures 2 and 3 show the optical microscopy binary images of the time evolution of the domain pattern in the mixture of PMPS/PS 60/40 wt % quenched from 130 to 112°C and 102°C, respectively. The percolated structure of the domains grows in time, Figs. 2͑a͒ and 3͑a͒. The domains are continuous through the whole sample. Because of the local network instability during the coarsening process of SD the bicontinuous pattern breaks partially and, as a result, many small droplets (͗D͘ р1 m, where ͗D͘ is the mean diameter of droplets͒ appear in our mixture at tϷ30 min for 112°C and at tϷ90 min for 102°C ͓Figs. 2͑a͒ and 3͑a͔͒. These small droplets ''coexist'' with the bicontinuous network during the coarsening process. For longer times, the network becomes unstable and the structure can no longer have a macroscopic percolation and as a result fragmented networks ͑elongated domains͒ with a local percolation only are formed ͓Figs. 2͑b͒, 3͑b͒, 3͑c͒, and 3͑d͔͒. To minimize the free energy of the interface, the prolate domains change in time into large spherical droplets ͓Figs. 2͑c͒, 2͑d͒, 3͑c͒, and 3͑d͔͒. After the droplets are formed completely they grow very slowly, Figs. 2͑c͒ and 2͑d͒. A coexistence of large spherical droplets with elongated domains is observed ͓Figs. 2͑b͒, 3͑c͒, and 3͑d͔͒. It is also noticed that the network breaking process and the droplets formation proceed heterogeneously.
The characteristic size of the domains L(t) ͑the length parameter͒ can be defined from the images obtained from the MO as follows:
where ͗A(t)͘ is the mean area and ͗P(t)͘ is the mean perimeter of the measured domains. For example, for a spherical domain AϭR 2 and Pϭ2R, where R is the radius of the sphere. Thus, the length parameter becomes L(t)ϭR/2 ϳR. For a rectagular shape of the length h and width a (h ӷa) we have L(t)ϭ(ha)/(2hϩ2a)Ϸa/2ϳa. Figure 4 shows a double-logarithmic plot of the time evolution of the length parameter ͓L(t)͔ for the PMPS/PS mixture quenched to 112°C. One can notice that the first change in the growth of L(t) occurs when the breaking process of the network starts at tϷ100 min ͓Fig. 4 point ͑a͒ and 
͑2͒
The exponent m is expected to be equal to mϭ2 for spherical particles ͑e.g., AϳR 2 , PϳR for a spherical domain͒. For the blend quenched to 112°C after tϭ930 min the scaling exponent equals mϭ1.95 ͑Fig. 5͒ signaling spherical droplets in the system. On the other hand, for the quench to 102°C even at 1480 min we find the exponent mϭ1.01 characteristic for elongated domains.
B. Time evolution of light scattering intensity
In the LS experiments the time evolution of the phase separating structure is characterized by a maximum of the scattering intensity I max (t)ϵI(qϭq max ,t) with the peak location wave vector q max (t). The time evolution of the characteristic size of domains ͑length parameter͒ L(t) is determined as follows:
The LS experiments have been done for different polymer blend compositions and quench temperatures ͑112, 107, and 102°C͒. In this section we present the LS spectra analysis of SD in the PMPS/PS 60/40 wt % mixture which was quenched to 112 and 102°C.
In order to find the criteria for the break up of a bicontinuous pattern from the LS spectra we have compared optical microscopy results with the evolution of the LS intensity I(q,t) and the existing theoretical models for the scattering intensity from different patterns ͑see the Appendix͒. We have focused our attention on the forms of the scattering spectra, the number of peaks, and their growth. Figures 6 and 7 show the time evolution of the LS intensity after the quench to 112 and 102°C, respectively. As the phase separation process starts, only one peak is observed ͑peak 1͒. According to the optical microscopy observations ͑Figs. 2 and 3͒ the peak 1 corresponds to a bicontinuous pattern. The theoretical modeling of the scattering intensity ͓Eq. ͑A1͔͒ in the case of bicontinuous patterns presents in the sample shows only one peak ͓Fig. 11͑a͔͒.
At tу30 min for the quench to 112°C and at t у90 min for 102°C the left part of the scattering spectra at small wave vectors lifts up. The raising of the scattering intensity at small wave vectors occurs because small spherical droplets (͗D͘р1 m) appear in the sample ͑Figs. 2 and I(q,t) in the PMPS/PS 60/40 wt % mixture quenched to 112°C. Peak 1 corresponds to the network presented in the sample which eventually breaks into elongated domains, peak 2 corresponds to large droplets.
FIG. 6. Time evolution of the LS intensity
FIG. 7. Time evolution of the LS intensity I(q,t) in the PMPS/PS 60/40
wt % mixture quenched to 102°C. Peak 1 corresponds to the network present in the sample, which eventually breaks into elongated domains, peak 2 corresponds to large droplets.
3͒ as a consequence of the partial breaking of the bicontinuous network during the coarsening process of SD. Figure  11͑b͒ shows the scattered intensity modeled for the bicontinuous pattern with the small polydisperse spheres without correlations ͓Eq. ͑A2͔͒. It is also noticed that the lift of the scattering intensity at a small wave vector results from increase of the number of small droplets in the system. Figure 8 shows the change in q max (t) of the peak 1 for the temperature quench to ͑a͒ 102 and ͑b͒ 112°C in the PMPS/PS 60/40 wt % mixture. It is observed that at t у500 min for quench to 102°C and at tу100 min for 112°C the growth of the first peak becomes very slow ͑essentially pinned down͒ as it is shown in Figs. 8͑a͒ and 8͑b͒ . Comparing the analysis of the binary images obtained from the optical microscopy observations ͑Figs. 2-4͒ with the real-time observations of the change in q max (t) of the peak 1 as a function of time ͑Fig. 8͒, one can notice that when the growth of the peak 1 of the scattering spectra is essentially pinned down the break up of the bicontinuous pattern starts and elongated domains are formed. Next, these domains change into large droplets. The two peaks ͑Figs. 6 and 7͒ present in the LS spectra simultaneously because elongated domains and spherical droplets or elongated domains and a network coexist during the PDT ͓Fig. 11͑c͔͒.
In order to obtain L(t) for all times we have combined the scattering intensity measurements and the domain size determination from the optical microscopy observations. Figure 9 shows the time evolution of the mean length parameter L(t) obtained from the optical microscopy observations and from the LS experiment ͓for the peak 1 ͑Fig. 6͒, corresponding to the network pattern͔. It is noticed that the pinning of the growth of the length parameter obtained from the LS experiment for peak 1 ͓Fig. 9 ͑squares͔͒ occurs at t Ϸ100 min, when, as it is described above ͑Fig. 4͒, the PDT process starts ͓Fig. 9 point ͑a͔͒.
The way to determine the morphology of the polymer mixture at the PDT from the LS spectra alone is to analyze the spectra as it is shown in Fig. 10 . Figure 10 shows the typical forms of the LS spectra correlated with the sample morphology. When there is a bicontinuous network in the sample there is only one peak ͓Figs. 10͑a͒ and 11͑a͔͒. During the coarsening process of the SD, the partial breaking of the network leads to the formation of small droplets ͗D͘ р1 m in the system. It shows up in the scattering intensity at small wave vectors ͓Figs. 10͑b͒ and 11͑b͔͒. The double peak ͓Fig. 10͑c͔͒ corresponds to the appearance of elongated domains and large droplets after the PDT ͓Fig. 11͑c͔͒ or, according to the theoretical modeling of the scattering intensity, the double peak can be also observed as a consequence of the polydispersity of the droplets. 29, 30, 37 Figure 10͑d͒ shows the typical form of the LS spectra for nearly monodisperse large spherical droplets. In the Appendix we show qualitatively the scattering patterns for network and droplets.
IV. CONCLUSIONS
We have investigated the pattern of the phase separation dynamics in the off-critical mixture of PMPS and PS by using the light scattering and optical microscopy. The percolation-to-droplets transition during spinodal decomposition process was examined.
We showed that the percolation-to-droplets morphology transition in the polymer mixture during the spinodal decom-FIG. 8. Double-logarithmic plot of the time evolution of q max (t) for peak 1 in the PMPS/PS 60/40 wt % mixture quenched to ͑a͒ 102 and ͑b͒ 112°C. When the time evolution of q max (t) of peak 1 becomes very slow ͑essentially pinned down͒ at tϷ100 min for the quench to 112°C and at tϷ500 min for the quench to 102°C, the bicontinuous pattern breaks up and the process of droplets formation starts ͑PDT͒ ͑Figs. 6 and 7͒. position process can be predicted from the light scattering spectra alone. Figure 10 shows the typical forms of the scattering spectra for different morphologies present in the sample.
By comparing the light scattering spectra with the binary images obtained from the optical microscopy experiments of the spinodal decomposition it was found that when the growth of the first peak in the light scattering ͑corresponding to the bicontinuous network͒ becomes very slow ͑essentially pinned down͒ the breaking-up process of the bicontinuous network starts.
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APPENDIX
We have not been able to fit quantitatively our data to the existing models. [29] [30] [31] [32] [33] [34] [35] [36] [37] But a theoretical modeling gave us some clue about the form of the scattering intensity. The form of the scattering intensity is strongly dependent on the morphology of the system examined, the correlations between the domains and their size and the shape polydispersity. As an example, we present the modeling of the scattering intensity for the bicontinuous network and polydisperse spheres without correlations.
We simulate the scattering intensity for the bicontinuous network with the polydisperse droplets ͑with the Gaussian distribution of radii͒ without correlations between the droplets and between the network and droplets. We use the well known simple form to model the line shape for the bicontinuous morphology:
where I 0B is the intensity prefactor and q B is the peak position in the wave vectors range of the bicontinuous morphology mode. The total scattering intensity from the bicontinuous network with the polydisperse droplets may be written as follows:
In the case of spheres with a Gaussian distribution of radii of the width and the mean R 0 , when the correlation effects between the spheres are neglected. 30 The distribution of the spheres radii is given by
where N is the number density of spheres in the scattering volume. The form of the scattering from a single sphere in the Rayleigh-Gans limit is given by
where j 1 is the first spherical Bessel function and q is the scattering wave vector ͓qϭ(4/)sin(/2), is the scattering angle and is the wavelength of the radiation in the medium͔. It is found 30 that
10. Typical forms of the LS spectra for the different patterns: ͑a͒ one peak in the LS spectra corresponds to the bicontinuous network; ͑b͒ the rising of the left part of the spectra corresponds to the local partial network breaking during the coarsening process of SD and results from the formation of polydisperse small droplets ͓L(t)Ϸ1 m͔; ͑c͒ the double peak can correspond to elongated domains with large droplets forming after the PDT starts, it is also possible to obtain a double peak from the polydisperse droplets presented in the system; ͑d͒ after the large nearly monodisperse droplets are formed the intensity peak has a maximum out of the wave vectors range.
The following function is used for modeling the scattering intensity:
where uϭqR 0 and I 0 ϭN(4R 0 3 /3) 2 . Figure 11 shows the simulated LS intensity for the bicontinuous network ͑a͒ and the network with the polydisperse spheres ͑b͒, ͑c͒. The parameters of the model were R 0 , , N, I 0B , and q B . These patterns helped us to analyze quantitatively the real pattern shown in Fig. 10 .
In real systems, the domains are polydisperse in size and shape. The effect of polydispersity, nonideal shape of domains, and correlations between the domains change the LS spectra. As far as we know a general theory for LS from polydisperse and highly correlated domains does not exist. FIG. 11 . Scattering intensity modeled for the bicontinuous pattern ͓Eq. ͑4͔͒ alone ͑a͒ and the bicontinuous network and the polydispers spheres ͑b͒,͑c͒. The total scattering intensity ͓Eq. ͑5͔͒ is presented for different combinations of the mean radii of spheres R 0 , the polydispersities , the number of particles N, the prefactors I 0B and the peak positions for the bicontinuous network (q B ): ͑a͒ I 0B ϭ50 a.u., q B ϭ3 m Ϫ1 ; ͑b͒ R 0 ϭ1 m, ϭ0.01 m, Nϭ10, I 0B ϭ100 a.u., q B ϭ4 m Ϫ1 ; and ͑c͒ R 0 ϭ2.5 m, ϭ0.001 m, Nϭ10, I 0B ϭ200 a.u., q B ϭ2 m Ϫ1 .
